We consider the Einstein-Podolsky-Rosen paradox for the case of entangled spin-1 2 particles. Using several gedanken experiments, we show that it is not possible for the spin part of the wavefunction to collapse without violating a number of fundamental principles in quantum mechanics including conservation of angular momentum and the Heisenberg uncertainty principle. We conclude that a measurement on this system cannot cause wavefunction collapse of the spin. It is straightforward to then show that without wavefunction collapse the Einstein-Podolsky-Rosen paradox is resolved. Finally it is possible to demonstrate that quantum mechanical unitarity alone is sufficient to rule out "spooky" action at a distance.
Introduction and Notation
The Einstein-Podolsky-Rosen 1 (EPR) paradox is a quantum mechanical effect that has bothered many physicists. In the original 1935 paper, Einstein, Podolsky and Rosen argued that quantum mechanics is either incomplete or inconsistent. The authors consider two particles that interact for a while and then move far apart but in such a way as to have their positions correlated. More precisely, they consider a wavefunction Ψ(x 1 , x 2 ) such that if the first particle is located at x 1 then at later times the position x 2 of the second particle is x 2 = x 1 + x 0 where x 0 is a large distance, so large that the two particles no longer significantly interact. Such a situation might occur if a particle at rest decays into two particles. One observer then measures precisely the position of the first particle to be some value x f 1 while a second observer measures precisely the momentum p f 2 of the second particle. From the first measurement, one deduces the position x f 2 of the second particle to be x f 2 = x f 1 + x 0 thereby simultaneously determining the momentum p f 2 and position
x f 2 of the second particle at some later final time in violation of the Heisenberg uncertainty principle.
The standard argument for avoiding the violation of the Heisenberg uncertainty principle uses wavefunction collapse. A measurement on the first particle not only causes its wavefunction to collapse but also causes the wavefunction of the second particle to do so thereby destroying the correlations between the two particles. However, this bothered Einstein, Podolsky and Rosen: How can the measurement performed on the first particle cause a wavefunction change for the second faraway particle? This would seem to violate causality in special-relativity. However, there is a theorem 2-5 that states that no message or communication between the two observers can be sent using this effect.
An EPR-like paradox can be produced for any system of two objects involving two non-commuting observables, in which the observables are correlated over a long distance. The quintessential system involves the entanglement of two spin-1 2 particles: 6 Two particles are generated at a central location with one moving to the left and one moving to the right, and with a combined spin angular momentum of 0:
Here, the subscript − (respectively +) denotes the particle moving to the left or in the negative direction (respectively right or the positive direction), |00 indicates the state with S = S z = 0, and |↑ denotes a spin-1 2 state with S z = + 1 2 , that is, 1 2 , 1 2 , and |↓ a state with S z = − 1 2 , that is, 1 2 , − 1 2 . Here we used standard notation: 7, 8 |JJ z represents an eigenstate with total angular momentum J and a value of J z for the z-component of angular momentum. For clarity, we choose the two particles to be different: the particle moving to the left is an electron and the particle moving to the right is a positron. In this case, the − and + can also stand for electron and positron. The setup is shown in Figure 1 . The EPR paradox for this entangled spin- 1 2 system is as follows: The electron and positron are allowed to speed away from one another until they are very far apart. Then a measurement is made on the electron to determine its spin in the z-direction. Just before the measurement, the spin of the positron could be up or down. If, after the measurement, the spin of the electron is up then the spin of the positron must be down; and if the electron's spin is down then the positron's spin must be up. There are two disturbing aspects about this. (i) First, from the measurement of the electron's spin on the left, one immediately knows the the spin of the positron on the right. If the time it takes to measure the electron's spin is ∆t M and the distance D between the two particles is greater than ∆t M /c, then knowledge about the positron's spin is obtained faster than it takes light to propagate from the electron to the positron. (ii) Second, the measurement of the electron's spin on the left appears to have forced the the spin of the positron to take on a particular value. It seems that a measurement on the electron is causing an effect on the faraway positron's (spin) wavefunction that, again, is happening faster than the time it takes light to propagate between the two particles.
Aspect (i) of the EPR paradox involves the propagation of knowledge (but not information [2] [3] [4] [5] ) faster than the speed of light. It is straightforward to show that there is nothing paradoxical about this. Essential to the instantaneous knowledge of the spin of the positron by the observer at the left is a prior agreement about the experimental setup and that the entire experiment lies within the causal future light cone of this agreement event. Figure 2 shows the situation. In this figure, the two experimentalists get together at t = 0, the source is positioned at the origin and arranged to generate anti-correlated spins for the electron and positron, one experimentalist moves to the left and setups up a spin detector there, while the other experimentalist does the same to the right, the positron and electron are emitted at some later time from the source, and finally their spins are measured. Since everything happens within the future causal light cone, the rapid transfer of knowledge of the spin of the position does not violate special relativity. To emphasize the point, consider the situation in Figure 2 in which the experimentalists do not discuss the nature of the setup and do not know that the source will generate a spin correlation. When the experimentalist at the left measures the electron's spin, the experimentalist then does not know that the positron's spin is opposite to the electron's spin even though the source for the electron and positron is creating anti-correlated spins; no instantaneous knowledge of the far-away-spin is gleaned in this case. Hence aspect (i) is non-problematic. The analysis in this paragraph applies to other versions of the EPR paradox including the one in the original EPR paper: EPR setups can convey knowledge about distant objects faster than the speed of light but this is not in violation of special relativity.
The spin-1 2 measuring devices in Figure 1 are assumed to be able to measure the spin in the z-direction. We shall assume that the spin measurement involves spin wavefunction collapse: Let a particle be in a linear combination of s z spin states, that is, a |↑ +b |↓ . Then, if the device measures the z-component of a spin-1 2 particle to be up, then at some point in the measurement process the state becomes a |↑ and this is achieved by destroying the down component of z-spin b |↓ → 0 and renormalizing the |↑ factor: a | a = 1. Similar statements hold when the device measures the spin to be down. We also assume that the spin measuring device is "accurate" meaning that the probability of measuring up spin is a| a /N and the probability of measuring down spin is b| b /N . Here, N = a| a + b| b , and c| c indicates the inner product of the wavefunction factor c for all degrees of freedom except for the particle's spin component. The objects a, b and c involve the spatial wavefunction of the particle as well as the spin states and wavefunctions of all other entities relevant to the experiment including those of the measuring device and the nearby environment. Wavefunction collapse is part of the Copenhagen interpretation of measurement in quantum mechanics. 9, 10 For this reason, we refer to a measurement of spin of the nature described in this paragraph as a Copenhagen Spin- 1 2 Measurement. The Copenhagen Spin-1 2 Measurement in Figure 1 causes the collapse of the spin part of the wavefunction of the electron and creates aspect (ii) of the EPR paradox: the measurement of the spin of the electron leads to a collapse of (|↑ − |↓ + − |↓ − |↑ + )/ √ 2 to either |↑ − |↓ + or to |↓ − |↑ + each with a probability of 50% thereby affecting the spin wavefunction of the faraway positron. Before the measurement, the positron had a 50% chance of pointing up and a 50% chance of pointing down. After the Copenhagen Spin-1 2 Measurement, the spin of the positron is 100% up if the spin of the electron has been measured to be down and 100% down if the spin of the electron has been measured to be up. Hence a long-distance change in the spin part of the positron has been caused by the Copenhagen Measurement of the electron's spin.
The collapse of the wavefunction violates quantum-mechanics unitarity. The justification 10 for this during wavefunction collapse is based on the connection between the wavefunction and probability: If a single measurement definitively determines that the spin is up (respectively, down) then the wavefunction must collapse and be proportional to |↑ (respectively, |↓ ). The Converse Statement, namely, if wavefunction collapse does not occur then a single measurement cannot necessarily definitively determine the spin state, follows from pure logic (if A then B ⇒ If (not B) then (not A)).
Possible Violation of Angular Momentum in a Copenhagen
Spin-1 2 Measurement of Entangled Spins If a measurement creates a collaspe of the wavefunction as described in Section 1, then conservation of angular momentum can be violated: Assume that the initial state is an eigenstate of angular momentum with values of J and J z as measured at the spatial point where the pair are created. Note that the the initial e − -e + pair and everything else in the universe is required to combine to give an angular momentum state of |JJ z . The initial eigenfunction for the system is Ψ(|↑ − |↓ + − |↓ − |↑ + )/ √ 2 where Ψ is the wavefunction for the degress of freedom of the electron, the positron and everything else except the spins of the electron and the positron. The angular momentum state of Ψ must be |JJ z since (|↑ − |↓ + − |↓ − |↑ + ) is a J = 0 object. When the Copenhagen Spin- 1 2 Measurement of the electron is performed, the wavefuntion collapses to either Ψ |↑ − |↓ + (if the electron's spin is measured to be up) or Ψ |↓ − |↑ + (if the electron's spin is measured to be down). Neither of these wavefunctions can be an eigenstate of angular momentum.
The problem with either Ψ |↑ − |↓ + or Ψ |↓ − |↑ + as final states is that |↑ − |↓ + and |↓ − |↑ + are a combination of spin 0 and spin 1 and it is not possible to construct a state with the original values of J and J z . To create a state with angular momentum |JJ z for the spin 1 part, either |↑ − |↑ + or |↓ − |↓ + or both must be present. For example, in the first case above,
For the first term to have angular momentum content of |JJ z , Ψ must have angular momentum content of |JJ z because (|↑ − |↓ + −|↓ − |↑ + )/2 is spin 0. For the second term to have angular momentum content of |JJ z , there must be present terms of the form Ψ − |↑ − |↑ + and/or Ψ + |↓ − |↓ + where Ψ − and Ψ + have J z values of respectively −1 and 1 and total angular momentum of either J − 1, J or J + 1; then angular momentum J −1, J or J +1 can in principle combine with angular momentum 1 to give angular momentum J. However, since Ψ has to have total angular momentum J because of the spin zero term, only the case of J (and not J − 1 or J + 1) can occur for Ψ − and Ψ + . For this to produce an angular momentum eigenstate |JJ z , Ψ , Ψ − and Ψ + need to be related in the appropriate way with normalizations related to Clebsch-Gordon coefficients.
Methods of measuring the spin of the electron must distinguish up spin from down spin. Hence the process of measuring the spin is likely to lead to a wavefunction of the form Ψ |↑ − |↓ + − Ψ |↓ − |↑ + where Ψ differs from Ψ . In such cases, "spin-flipping" terms proportional to |↑ − |↑ + and/or |↓ − |↓ + have to arise when the initial state is eigenstate of angular momentum; The reasoning is similar as in the previous paragraph. So not only cannot the wavefunction collapse to Ψ |↑ − |↓ + but "spin-flipping" terms proportional to |↑ − |↑ + and/or |↓ − |↓ + are likely to arise.
The violation of angular momentum can be verified by direct calculation. For Ψ |↑ − |↓ + to have a z-component of angular momentum of J z , it suffices for Ψ to have a z-component of angular momentum of J z . The problem is not with J z but with total angular momentum. When J 2 is applied to Ψ |↑ − |↓ + , it needs to produce j(j + 1)Ψ |↑ − |↓ + . In the standard way, it is useful to express J 2 as
where i = x, y, z, − or +, and where the S e − i (respectively, S e + i ) are the spin operators of the electron (respectively, positron). Here, J i is the ith component of angular momentum involving all the other degrees of freedom including those of the environment and those for the orbital angular momentum of the electron and positron. When this subsitution is performed, many terms proportional to |↑ − |↓ + are produced. One problematic term comes from S e − − S e + + Ψ |↑ − |↓ + = 2 Ψ |↓ − |↑ + which needs to vanish and does not. Other problematic terms come
the first term (J + Ψ ) |↓ − |↓ + is not zero unless J z is a maximal value, that is, J z = J, and the second term (J − Ψ ) |↑ − |↑ + is not zero unless J z is a minimal value, that is, J z = −J.
If the initial state is an eigenstate with J = 0 then the above argument does not work for a technical reason. a To measure spin in the z-direction an axis in that direction must be picked out. Hence, it is not possible to have an initial state with J = 0 and a measuring device for up and down spin. This problem does not necessarily arise for J > 0 and Appendix A presents an example.
Problems with Casuality and the Uncertainty Principle in a
Copenhagen Spin-1 2 Measurement of Entangled Spins If the Copenhagen Spin- 1 2 Measurement is first performed on the spin of the electron at the left in Figure 1 and it is up (respectively down), then the spin part of the wavefunction collapses to |↑ − |↓ + (respectively, |↓ − |↑ + ). Hence, when one subsequently measures the spin of the positron at the right, its spin will be down (respectively up). Similarly, statements hold for when the spin of the positron is first measured and the spin of the electron is measured afterwards. The perfect anti-spin correlation is borne out by Copenhagen Spin- 1 2 Measurements. The same is true if one chooses to measure both spins in the y-direction because the form of the spin factor (|↑ − |↓ + − |↓ − |↑ + ) is independent of the axis of spin-quantization.
If one first measures the spin of the electron in the z-direction and subsequently the spin of the positron in the y-direction, then the following occurs (assuming Copenhagen spin wavefunction collapse). In the case in which the electron spin measurement is up, then the wavefunction collapses to |↑ − |↓ + . The spin of the positron is down when using the z-axis for spin quantization, which is (|↑ + − i |↓ + ) y / √ 2 when using the y-axis for quantization, where the subscript indicates the axis of spin quantization. Hence, there will be a 50% chance of subsequently measuring the y-spin of the positron as up and 50% chance of measuring its y-spin as down. Furthermore, if the spin of the positron is up in the y-direction, it does not mean that one knows that the electron's spin is down in the y-direction because the collapse of the wavefunction has ruined the anti-correlation of spins in the y-direction:
In the above two paragraphs, the collapse of the wavefunction when measuring the electron's spin causes an instantaneous long-distance effect on the positron's spin state that prevents (i) inconsistencies in the measurement on the anti-alignment of the electron's and positron's spins and (ii) the simultaneous measurement of the y and z components of the electron's spin. These two paragraphs are presented to contrast what happens in the next three paragraphs. Return to the setup in Figure 1 but consider the case in which the experimentalist on the left and his measuring device are moving at a relativistic speed v to the left. Also arrange things so that the experimentalist on the left is closer to the source when the electron-positron pair is emitted. We choose the velocity v to be in the (negative) x-direction, which eliminates the need to use Lorentz transformations in comparing spin measurements in the analysis below. The situation is shown in Figure 3 . Then due to special relativity, the speeds and initial positions can be adjusted so that each experimentalist claims to have made the spin measurement first. For example, in the rest frame of Figure 3 (that is, the rest frame of the right observer and the source), when v = 0.95c and the speed of the electron and positron is 0.99c and the distance of the left observer is 0.5sec c (half a light-second) from the source and the right observer is 1.0sec c from the source, then the measurement of the spin of the electron by the left observer in the right observer's reference frame happens almost 11.5 seconds after the right observer has measured the spin of the positron, while in the left observer's reference frame the measurement of the spin of the positron by the right observer happens almost 3 seconds after he has measured the spin of the electron. For the purposes of clarity, we take the experimentalist on the left to be male and the experimentalist on the right to be female.
When the experimentalist on the right measures the spin of the positron in the z-direction, the spin collapses to (|↑ − |↓ + − |↓ − |↑ + )/ √ 2 → |↓ − |↑ + if she measures the spin of the positron to be up and collapses to |↑ − |↓ + if she measures it to be down. Both of these occur with 50% probability and the outcome cannot be affected by the spin measurement of the electron because, in her rest frame, the spin measurement of the electron has not yet been made. A similar situation exists for the experimentalist measuring the spin of the electron. In his rest frame, he sees the source and the other experimentalist moving rapidly away from him and the measurement of the spin of the positron has not yet taken place when he makes his measurement. So his measurement causes a collapse of (|↑ − |↓ + − |↓ − |↑ + )/ √ 2 → |↑ − |↓ + if he measures the electron spin to be up and to |↓ − |↑ + if he measures it to be down. Each outcome occurs with 50% probability and cannot be affected by the measurement of the positron on the right. Thus, there are four possible cases: two are compatible with each other with both measurements causing a collapse to |↑ − |↓ + or to |↓ − |↑ + and two are incompatible resulting in collapses by the right and left measurements that do not agree with each other. For example, both experimentalists can measure the spins to be up, meaning that the left experimentalist causes a collapse to |↑ − |↓ + but the right experimentalist causes a collapse to |↓ − |↑ + . Thus, by using measuring devices that are moving with respect to each other, it is possible to create a causality contradiction.
Issues similar to the above have been raised in the context of entangled photons. See refs. [11, 12] .
When in Figure 3 the left and right experimentalists measure spin in two perpendicular directions, it is possible to violate the Heisenberg uncertainty principle for a spin-1 2 state:
Let the left experimentalist measure the z-component of the electron's spin and the right experimentalist measure the y-component of the positron's spin. Recall that the structure (|↑ − |↓ + − |↓ − |↑ + ) is the same regardless of the direction of the axis of spin quantization. So if the right experimentalist uses a Copenhagen Spin-1 2 Measurement and observes the y-component of spin of the positron to be up (respectively down) then the y-component of the spin of the electron must be down (respectively up). The right observer subsequently reports her experimental result to the left experimentalist. Since each experimentalist makes his or her measurement before the other one, both can claim that their measurements are exact, valid and unaffected by the measurement of the other. In this way, the left experimentalist knows the z-component of the electron's spin from his measurement of it and deduces its y-component (since it is opposite to the result reported by the right experimentalist for the positron). Hence, both y-and z-components of the spin of the electron are determined precisely, which violates the Heisenberg uncertainty relation in Eq. (2) . We label this as aspect (iii) of the EPR paradox.
Note that the use of experimentalists moving with respect to one another is necessary to created the issues with casuality and with the Heisenberg uncertainty problem. In Figure 1 in which the observers are not moving with respect to one another, the measurement of left experimentalist happens before the measurement of the right experimentalist or vice versa in the rest frame of the experiment. Similarly, in this same setup of Figure 1 , as is evident from the first two paragraphs in this Section, the Heisenberg uncertainty principle is not violated because the wavefunction collapse of the first measurement necessarily affects the measurement of the second. In Figure 3 , this does not happen: although the collapse is instantaneous and non-local, both measurements of the experimentalists occur before the other in their respective reference frames.
Resolution of Aspects (ii) and (iii) of the EPR Paradox
Given that a Copenhagen Spin- 1 2 Measurement not only violates unitarity but it can also lead to a causality contradiction, and violate both conservation angular momentum and the Heisenberg Uncertainty Principle for an object of spin 1 2 , it is reasonable to conclude that Copenhagen collapse of the spin part of the wavefunction cannot happen for the entangled spin- 1 2 system. If Copenhagen collapse does not happen then the measurement of the spin of the electron does not force (|↑ − |↓ + − |↓ − |↑ + )/ √ 2 to become either |↑ − |↓ + or |↓ − |↑ + and there is no long-distance action on the spin of the positron at the right by the measurement by the experimentalist on the left. This resolves aspect (ii) of the EPR paradox. Without wavefunction collapse, there is no "spooky" action at a distance.
Although wavefunction collapse is able to avoid violation of the Heisenberg Uncertainty Principle for the "static" case (see the second paragraph of this article), the opposite is true for the situation using detectors moving relatively to one another in Figure 3 . Indeed, wavefunction collapse is the basis for the violation of the Heisenberg Uncertainty Principle in this case. This is not only true of the entangled spin- 1 2 system but the original situation considered by Einstein, Podolsky and Rosen 1 if relativistically moving measuring devices are used.
If Copenhagen collapse of the spin part of the wavefunction does not happen then the Converse Statement holds, namely that it is not necessarily possible to determine the spin of an object in a single measurement. If a single measurement cannot definitively determine the spin then there is no violation of Eq.(2) and aspect (iii) of the EPR paradox is resolved.
Unitarity by itself is sufficient to resolve aspect (ii) as we now prove. As is well known, the evolution of a quantum system is generated by the operator 
are the solutions to the Schrödinger equation at time t f . These wavefunctions satisfy
To see whether a measurement of the electron at the left is able to affect the spin of the positron at the right, have the positron travel very far away in Figure  1 and insist for it to be in a region where nothing nearby affects its spin. We shall show that if the measurement of the electron respects unitarity then the spin of the positron is unaffected. The initial wavefunction is Ψ(|↑ − |↓ + − |↓ − |↑ + ) where Ψ|Ψ = 1 2 . The probability that the positron's spin is up is 50% and the probability that its spin is down is 50%. This is not only true for when the axis of quantization for spin is in the z-direction but also true when the axis of quantization for spin is in any direction. We need to show that this property remains true after a unitaryrespecting measurement on the electron is made.
Because nothing in the region nearby the positron can affect its spin, unitarity takes the following form: Ψ |↑ − |↓ + → Ψ f |↓ + and Ψ |↓ − |↑ + → Ψ f |↑ + where Ψ f and Ψ f are wavefunctions at any time after the measurement on the electron has been performed; these wavefunctions include everything except the spin of the positron and satisfy Ψ f |Ψ f = Ψ f |Ψ f = Ψ|Ψ = 1 2 and Ψ f |Ψ f = 0 if unitarity holds. Therefore, Ψ(|↑ − |↓ + − |↓ − |↑ + ) → (Ψ f |↓ + − Ψ f |↑ + ). The probability of having the positron's spin up is still 50% and the probability of having it down is still 50%, a result which only depends on Ψ f |Ψ f = Ψ f |Ψ f = 1 2 . If the quantization axis for spin of the positron is taken to be in a different direction n, then expressing |↓ + = α |↓ n + β |↑ n and |↑ + = β * |↓ n − α * |↑ n for some complex numbers satisfying α * α + β * β = 1, one finds Ψ(
A short calculation reveals that the probability of having the positron's spin up in the direction n is still 50% and the probability of having it down is still 50%; this result depends on
and also Ψ f |Ψ f = 0. Hence, the nature of the positron's spin is unchanged. In this paragraph, |↑ n and |↓ n denote respectively up and down spin when the axis of quantization for spin is in the n direction.
This completes the proof that unitarity, which is a fundamental property of quantum mechanics, is sufficient to prevent a long-distant effect on the positron's spin wavefunction due to measurements on the electron. Aspect (ii) of the EPR paradox cannot happen without violating quantum-mechanical unitarity.
As a side comment, it is possible for the linear combination a |↑ + b |↓ to become either only up spin or down spin during a measurement process without violating unitarity by having |↓ evolve to |↑ through physical interactions:
|↑ where b |b = b|b and a|b = 0. The Converse Statement still holds even if there is a unitarity-preserving spin-1 2 measurement that mimics spin wavefunction collapse through physical effects. However, a unitarity-preserving spin-1 2 measurement still cannot render the spin part of the wavefunction as |↑ − |↓ + or |↓ − |↑ + without possibly violating angular momentum if the initial state is an eigenstate of angular moment.
Discussion and Conclusions
Sections 2 and 3 show that the existence of a Copenhagen Spin-1 2 Measurement for the entangled spin- 1 2 system can violate angular momentum, create cause-and-effect problems concerning the collapse of the wavefunction, and violate the Heisenberg uncertainty principle. If collapse of the wavefunction does not occur then the Converse Statement holds: a single measurement of spin does not necessarily definitively determine whether the spin is up or down. This results in the resolution of the EPR paradox within standard (first-quantized) quantum mechanics for the entangled spin- 1 2 system. The issue of wavefunction collapse during a measuring process has been open to debate. 13 Our arguments against wavefunction collapse for the entangled spin-1 2 system are therefore of value.
If wavefunction collapse cannot happen for the entangled spin-1 2 system, one might question the validity of the Copenhagen picture of measurement in general and whether wavefunction collapse can occur in other types of macroscopic measurements. In any system with entangled, non-commuting observables, the use of moving measuring devices allows the violation of the Heisenberg uncertainty principle. This is true for position and momentum in the EPR setup. 1 Moving measuring devices allow a left-observer to measure momentum and a right-observer to measure position in such a way that both measurements take place first in the rest frames of each measurer. The anticorrelation of momentum in the EPR setup then allows the right-observer to deduce the momentum of the object from the measurement of left-observer. Then violation of the Heisenberg uncertainty relation ∆x∆p x ≥ /2 occurs in this Gedanken experiment, suggesting that Copenhagen wavefunction collapse also cannot happen in this case.
If Copenhagen wavefunction collapse does not happen, then aspects (ii) and (iii) are not problematic for other versions of the EPR paradox. In addition, the Converse Statement then indicates that quantum-mechanical uncertainty at the microscopic scale may be transmitted to uncertainty in macroscopic measurement. This is an important conclusion concerning how measurement 7, 8, 10 works in quantum mechanics.
Appendix A.
Since there is no spin-1 2 measuring device with J = 0, the question arises as to the existence of such a device for the case J > 0. This is needed as part of the argument concerning violation of angular momentum in Section 2. As a gedanken experiment, one only needs to require the measuring apparatus not to be in conflict with the laws of physics. This means there is considerable flexibility in its construction. Many such spin measuring devices are likely to exist. Here, we provide one example.
The device consists of a large number of spin-1 2 objects with all spins pointing up. If there are N s such spins, then it is an eigenstate of angular momentum corresponding to Ns 2 , Ns 2 . We assume that these spins only interact with electrons and this occurs through spin exchange: |↓ e |↑ s → |↑ e |↓ s where e indicates "electron" and s is any one of the N s spins of the device. We assume that the device has sufficiently many spin-1 2 objects that a down-spin electron passing through it will flip its spin with virtually 100% probability. After the electron passes through the device, the electron's spin will always be up. The existence of a single down-spin among the N s spin-1 2 objects of the device indicates that the spin of the electron was originally down. If all spins point up, then the spin of the electron has been measured to be up.
For the situation in Figure 1 , one cannot guarantee that the electron is emitted in a particular direction. Hence, one needs to have 4π solid angular coverage. This requires a spherical shell of spin-1 2 objects of a certain thickness at a certain distance from the source.
If one also wants to measure the positron's spin, a second set of spin-1 2 objects that only interact with the spin of positrons can be used. It can be located at a second spherical shell that does not overlap with the one used to measure the spin of an electron. If there are N s spins involved in measuring the proton's spin, then the initial state it an eigenstate of angular momentum corresponding to (Ns+N s ) 2 , (Ns+N s ) 2
